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CROSSLINKARTiF PQ LYPEPTTnp ^^ Jrj ^ 
FIELD OF THP INVPNTTDM 

The present invention relates to methods for the 
modification of polypeptides, m a particular aspect, the 
present invention relates to modified polypeptides which 

IZ 'l Cr ° SSlinked to a gel under extremely 

mxld conditions, such materials can be used, for example, 
for encapsulation of biologically active materials, 
including living cells. 

BACKCRniiHn op Tfp imvrmtj ^ 

10 oener.t a „ Cr ° SSlinkin ' ° f "y various means has 

generated „uch interest in the fields of drug delivery 
protein immobilization, enzyme ,„a antibody ionization' 
peptxde-protein conjugation, vaccines, radical imagin,; 
etc. The applications of such crosslink protein systems 

™" dlV6rSe M the « th ° d = -P^yed to achieve 
crosslmkmg. 

The use of crosslinked proteins as scaffolds for 
drug delivery has been pursued by several investigators due 
to the a „trinsic biodegradable nature of proteins in vivo. 

th "° St °° mm "' m6th0d f ° r Pr ° tein "osslinking is 

"•e addition of external crosslinking agents. 

fm „ Crossli " ked P™ein compositions nay take several 
forms. Microspheres comprising crosslinked proteins are • 

25 Micron *" aPPUC " i0nS th " i-^lve drug delivery. 

25 Microspheres of proteins are typically prepared L 
emulsification of an agueous protein solution with an 
organic phase and crosslinking by addition of 

° ( "blinking 'dents such as glutaraldehyde 
(Langhein et al., „„, a. Appl . Bacteriology 63; * 

Van et al., Biotechnology and Applied Biochemistry 

10: 13-20), or by heat denaturation (Law et al., 
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Biomat. Art. Cells & immob. Biotech. 19:613-629; Wel 2 and 
Ofner, 1992, J. Pharmaceutical Sciences 81:85-90). 

Immobilization of proteins on surfaces for 
enzymatic and chromatographic applications has also been 
5 reported in the literature. Proteins and peptides may be 
immobilxzed at surfaces by use of crosslinking agents such 
as glutaradehyde and carbodiimides (Benslimane et al., 
1986, Biomaterials 7:268-72). Preparation of 

10 Pr °' eln "f ° tein ° r P^-n-peptide conjugates is commonly 
10 performed by use of glutaraldehyde as well as by use of 
heterobifunctional crosslinking agents such as 
N-succinimidyl bromoacetate (Bernatowitz and Matsueda 
1986, Anal. Biochem. 155: 95-102). Proteins have also been 
modafxed to introduce functional groups that may be 



1C; ^ , . * ^vu F » tnat may be 

15 polymerazed upon exposure to free radicals resulting in the 

formation of crosslinked hydrogels (Par* 

Biomaterials 9:435-441). 



25 



30 



Although most of the methods referred to above 
result in the formation of crosslinked proteins, the use of 
external agents (and the reaction conditions required for 
crosslinking) are too toxic for such processes to be 
earned out in the presence of l iving cells an<J tissues 
indeed none of the references noted above teach their 
respective art in the presence of living systems. 

It is well known that agents of crosslinking such 
as those described above are in fact used as fixatives for 

the a S dd an f T' ^ 3 Sl ^ ht ^ di «-ent approach from 
the addition of external crosslinking agents, Park (1988, 

g u Pra, describes the free rarti^n , . 

rree ra aical polymerization of 
monomers such as acrvlic aein ^ -. 

. yuc acid and acrylamide along with 

'envatized proteins as .Utifunctional crosslink o 
the for^on of polyaorylic aold and polyacrylamlde 

in this case the protein, derivatized with unsaturated 
groups capable of underpin, free radical polymerization, 
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serves merely as the crosslinker, while the bulk of the 
resultant hydrogel is either polyacrylic acid or 
polyacrylamide. The formation of crosslinked hydrogels 
also necessitates the use of toxic free radical initiators, 
such as ammonium persulfate, and polymerization conditions 
that xnvolve teperatures of 60«>c as well as polymerization 
times of an hour or more. No known living cells, except 
thermophilic organisms, are likely to survive such 
crosslxnking conditions. Thus , in ge 



i« — — ' J - iJ yenerai , the 

10 encapsulation or living oells in a crosslink protein ,el 
has not been described in the art. 

in general the encapsulation of cells requires 
conditions that are particularly fastidious with respect to 
lid temperatures, absence of toxic chemicals, rigid 
15 maxntaxnence of physiological conditions of pH and 
osmolarity, and processes that in general are fairly rapid 
so as to minimize the exposure of the living cells to 

enLT, , COnditi0nS ' A g °° d PI- of a nontoxic 

20 17 PSUl f ^ Pr ° CeSS iS the ° ne Usi »* "-I- alginate (a 
20 polysaccharxde) that can be formulated in physiological 
salxne (see, for example, Soon-Shiong et al i 991 
Transplantation Proceedings 23:758). cells are simply 
suspended in a solution of polysaccharide, which is added 
dropwxse into a solution of calcium chloride, resulting in 
the xnstantaneous formation of capsules of ionically 
crosslinked alginate containing entrapped cells. 

Since proteins, in general, do not spontaneously 
form gels, external agents must be added to facilitate the 

30 ITI ° f Cr ° SSlinked Kegels (an exception is 

30 gelatxn, whxch can coagulate to form a gel below a certain 

temperature). The resulting protein hydrogels could 
pote ntlall be utiUzed tQ ^ cens ^ a ^^^^ 

protexn matrxx. Thus the solution of a protein may be 
stxrred with an added external crosslinking agent to form 
a crosslinked protexn mass or gel. Alternately the 
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fc.nn.tion cf a protein gel in the for- of spheres or 

2ZITT re,UireS e " Ulsl "-«- a nonsolvent 

Phase to for, discrete droplets of the protein solution 
which can subsequently be crosslink. However as 
5 described above, common processes utilised to crosslinK 
proteins suffer from the limitations of toxicity Tn 
contemplated for the encapsulation of living material 

. There are "Veral advantages attendant to the use 

io t s ; s ro a t s e encapsu . lation " ateriais *« ^ - 

the l Ue [V' f SU ° h M alb ™ in - <=°"*ven, gelatin, and 

Uvinc cell^ / nat " al ° ri9in - " B ~» ^'"ted by 
Uvxng cells. P „ r example , the use of J 

-*» xs well k „own and is in fact essential for the "ell 
bemg of cell cultures. Collagen is secreted by cells and 

0e°ut S - ^ r j0r C< "~ ° f -"ceuu/ar m tr L 

its bi" " kn0 "" h l ° SUPP °" ~» ^vior through 

aches ! " fibronectin, another ubiquitous ceU 

» e^s^rte^Teir^'n'falr 3 " 6 '~ ^ ™ °* «» 
such as M atri,e • and A^T"^'"? aVa " a " e 

collagen, are Known for their IbiHtv t 

cells. ability to support viable 

Albumin is considered t-^ k~ 
» -nee it does not bear epitopes JTTT 

uH „, a . pp c cel1 adhesion and is often 

ntuxzed as a coating in applications that require a 

applications such as c 1 therapTCer "f ' " ' ■ 

encapsulated and transplanted t "r^ace ZT f ™ 

« the host, such a .coating, or i ^ *" 

coating or encapsulation of the 
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transplanted cell would prevent an inflammatory and fibrous 
reaction to the transplanted material. On the other hand, 
it is often required that transplanted tissue become 
vascularized or that the material of encapsulation become 
5 vascularized so that the encapsulated cells within the 
matrix of the crosslinked material are in reasonable 
proximity to a source of nutrients, and, more importantly 
to a source of oxygen. m such a case, the use of 
crosslinked collagen or gelatin would be of great benefit 
10 i„ supporting the growth of vascularized tissue adjacent to 
the encapsulated cell. 



Thus, it is essential to develop protein 
compositions and processes that can result in the formation 
of crosslinked protein gels in the presence of living cells 
15 in a manner that is innocuous to the well being of the 
cellular material. The essential requirements of such 
compositions and processes would be as follows: 

-the ability to crosslink in the presence of 
3 suitable initiating system, where the 
initiating system itself is nontoxic; 

-the protein composition should be nontoxic; 
-the crossl inking reaction must be 
nondetrimental to the cellular material, i.e it 
produces little or no heat, it produces' no 
by-products that are harmful to the living 
material and it does not alter, by chemical 
reaction, the chemical nature of the encapsulated 
material; and 

-the process must be extremely rapid (it 
should be complete in a timescale measured in 
seconds) to avoid prolonged exposure of the 
encapsulated material to the crosslinking 
conditions. 

The present invention discloses compositions and processes 
that satisfy each of the above stringent requirements. 
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10 



in general, the production of crosslinked 
hydrogels requires the use of water-soluble monomers or 
macromonomers (in the oase where the starting soluble 
matenal is a polymer that is subsequently crosslinked, . 
These monomers or macromonomers are dissolved in aqueous 
medium and suitable agents are *hh 0 h <- • . 

v y are added to initiate 

crosslinxing. crosslink, of proteins u COTIVentl 

ZT "t additi °" ° f ^ents such as 

those mentioned above. Alternately. the „o„o,ers and 
m«cro,,o„omers „,y possess functional groups that are 
themselves capable of undergoing a crosslinks, reaction 

" the , . aPPr ° PrUte * typical example 

« acr y T a e mi £ d r1 10n ° f 3 POlya ^ lMi ^ -1- The monomer, 
acrylamide, along with a small amount of bis-acrylamide is 
delved in an agueous phase. In the presence" of a free 
rascal initiating system, this mixture yields a 
polymerized crosslinked gel. Another example is the use of 
Ihich " Glycol diacrylate 

acrvlate", \ P ° 1 ^ 1 ^ ^ two introduced 

acrylate functionalities,, which may be dissolved in an 
agueou hase . In the presence of 

h™e 9r ° UPS P ° ly " erl2e ' * - —linked 
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C9Se ° f Pr ° teinS < how — . P«sents special 
problems. The introduction of a free radical polymerLble 
group (a functional group contain!™ » ™t le 
^ triple bond. aL L^Tlse^t^ tto^e 
protein molecule is not trivial due to the senliti" 
the protein to its environment. The use of 

r:::ic and r er harsh m - — ^- - 

their ^ " are " 0t POS " ble " lth *» to 

their denaturation potential. Por example, ln thl 

synthesis of polyethylene glycol diacrylate U- M fr m 

^^G, one can use the tie>r-i* t **-A • 

. tne aer ivatazing reagent acrvlov. 

chloride. Thls reagent is extremely reactive and results 
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in excellent yield of PEG-DA in a dry organic solvent such 
as dichloromethane or benzene. However, the presence of 
moisture will rapidly destroy the derivatizing capability 
of this reagent due to its rapid reaction with water, such 
a reagent is clearly unacceptable for modification of 
protein, given that most proteins will not tolerate organic 
solvents. 



25 



30 



Although it has been reported in the art that a 
functional group containing unsaturation may be introduced 
10 into a protein m olecule under relatively m ild aqueous 
conditions, we have found in the course of the present work 
that this in itself is not a necessary and sufficient 
condition for the rapid (within seconds) formation of a 
crosslinked protein gel. 

15 BRIEF DESCRIPTION np mu E i MVFMTTnM 

In accordance with the present invention, we have 
discovered that a rapidly crosslinkable polypeptide may be 
obtained if, and only i f/ the unsaturated group introduced 
into the polypeptide is linked to amino acid residues on 
-0 the polypeptide directly through one of three types of 
linkages, namely, an amide linkage, an ester linkage, or a 
thioester linkage. In addition, each of these linkages are 
obtainable in a single step by use of a single derivatizing 
agent, acrylic anhydride. 

It has unexpectedly been found that proteins with 
the above-described chemical modifications have the ability 
to rapidly crosslink to thexnselves under suitable 
conditions. This crosslinking occurs in the absence of any 
external crosslinking agents (indeed, in the absence of any 
extraneous agents) , resulting in the formation of a solid 
gel material. Solid crosslinked ge i s are formed in 
seconds starting from a freely f lowing solution Qf 
Polypeptide. Applications of such materials are broad 
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ranging, including the encapsulation of living cells, the 
encapsulation of biologically active materials, the in situ 
formation of degradable gels, the formation of wound 
dressings, the prevention of post-surgical adhesions, gene 
delxvery, drug targetting, as a microcarrier for culture of 
living cells, and the like. 



DETAILED PRiSCPTPTTON nP mg TtrTTTTTO|T 

in accordance with the present invention, there 
f\ r r e muTa°; ided *°^«~ 

P-(A-C(0)-Y) n 



10 formula: 
wherein 

15 



P is any polypeptide, 

A is a linking moiety which, in combination with 

a carbonyl moiety, links Y to P 
y is an unsaturated group capable of undergoing 

free radical polymerization, and 
n is at least 1. 

>° practice It *"* P01 ^^ — ^ -~d in the 

practice of the present invention, inciting naturally 
occ ur polypeptides, synthetic polypeptides, short C ha „ 
peptides having only a f*w 

Secular Wi J ^Tn^^ "* 

The linking moiety "A" Pnn i n „e^ • ^ 
25 of employed m the practice 

of the present invention to link unsaturated group! Y (via 
a carbonyl) to polypeptide P is typicaUy J^Jj JJ^ 
reactive residue on the polypeptide backbone Thus Ti 
generally selected from -0-, - S -, -NR- or alkyle" 'or 

-s- or -NR-containing alkylene moiety, wherein R is 
30 selected from hydrogen or lower alkyl. 

V of the above formula can be a «v -n, 
containing mo iety or ai kvne eo „«. ' 

aAK yne-contaming moiety, with 
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terminal unsaturation preferred because such species are 
inore reactive than internally unsubstituted compounds. 
Thus, a preferred group of species which are contemplated 
for use in the practice of the present invention are 
defined as follows: 



-C(R)=CR' 2 , or 
-CsCR" 



wherein : 



" is seleot ^ fro- hydrogen, lower alkyl or 

substituted lower alkyl, and 
R' is selected from hydrogen or lower alkyl. 

It is preferred that each R' in the above formulae is 
hydrogen, with V being -CH-CH, or -c-CH preferred. 

15 varv wide,"" d r eS °* SUbStitUtion °" Polypeptide, P, can 
vary „ lde i y TypicHy. „ of the above general formula 
falls in the range of l up to about 500, with n in the 
range of about 2-300 preferred; and n in the range of about 
3-100 especially preferred. For many „ edium s 

20 r " ^ " """" a as 5 "P to -oat 

20 £ of course, these of skill in the art recognise that 

the „l t t 1 °' SUbS " tUti °" vary depending on 

the ultimate use contemplated. 

th.t , PreSent lnVentton is "ased on the observation 
25 U„ked P<> to yPe »ith unsaturated groups 

throu K " reStdUeS ln the P°lyP«Ptide only 

through very specific linkages, have the capability of 
rapidly polymerizing under appropriate free radical 
initiating conditions to form crosslinked polypeptide gels 
More specifically, the invention is based on the ability to 

ZZnT^ Un -osslinked gels fro, 

modifxed polypeptides starting from a freely fi„„ ing 
so ution of polypeptide. Thus , by exposl „ g . ' ™^ 



appropriate 
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Photoinitiators and 'catalysts, rapid formation of 
crosslmked gels occurs. 

invention compositions comprise naturally 
occurring or synthetic polypeptides modified by the 

IZT"T " ^ — P Unxed through an 

amide ester or thioester linage to the amines, hydroxyls 
or suUhyaryl groups, respectively, present on the Z o 
acid residues on the polypeptide. The invention is 

10 that the introduction of a plurality of unsaturated groups 
into a polypeptide molecule is nof n, 

. not the necessary and 

sufficent condition for raDid Cv™.,.< - 

Ior ra P ld formation of a crosslinked 

.T". eXP ° SUre ° f th * Polypeptide solution to 
photoinitiatm, conditions. ln accordance with the present 

unseated " diS ° OVered «»' " *' 

unsaturated groups are linked to amino acids (i.e the 

Particular intervening chemical linages between' the 
unsaturated groups and the amino acid residues, in the 

,0 HIT T deterDlneS raPWly —I--"-", -tore o 
20 the resulting substituted protein molecules. 

For example, a protein reacted with glycidvl 
acrylate in agueous conditions results in vinyl (-CH CH 
substituents. but these vinyls are linked to the pToS 

25 zz: int ™ ng 9r ° ups <^-»'°«'-°-oo.. as in"::::; 

Reaction at lysine residues: 

Prote i"-NH-{CH 2 -CH(OH).0-CO}.CH=CH 2 , la) 
Reaction at serine residues: * 

Protein-0- { CH r CH(OH) -0-C0}-CH=CH ? , lb , 
30 Reaction at cysteine residues: U } 

Protein-S- { CH 2 -CH(OH)-0-CO}-CH=CH 2 (lc) 



If a 



solution of the above modified protein with a 
Plurality of such suhstitutents is exposed to conditions of 
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* >• 

photoinitiated free radical formation, it will not rapidly 
crosslink to form a coherent gel. 

Another example of the introduction of vinyl 
substituents into a protein molecule is the reaction of 
5 protein with allyl bromide in aqueous media. This results 
m the following derivative of the protein, in which the 
intervening group between the vinyl and the amino acid is 
{CH 2 }: 



10 



Reaction at lysine residues: 

Protein-NH-{CH 2 }-CH=CH 2 (2 
Reaction at serine residues: 

Protein-0-{CH 2 }-CH=CH 2 (2b) 
Reaction at cysteine residues: 

Protein-S-{CH 2 }-CH=CH 2 ( 

15 If a solution of the above modified protein with a 
Plurality of such substitutes is exposed to conditions of 
Photoinitiated free radical formation, it will not rapidly 
crosslink to form a coherent gel. 



20 



However, if a protein or polypeptide is reacted 
with acrylic anhydride in aqueous media to obtain the 
following vinyl containing structures, in which the 
intervening group is {CO}: 



Reaction at lysine residues: 
Protein-NH-{CO}-Cl 
25 Reaction at serine residues: 

Protein-O- { CO} -CH= 
Reaction at cysteine residues; 

(3c) 



Protein-NH-{CO}-CH=CH, , 

2 (3a) 

Protein-O- { CO} -CH=CH 2 

- (3b) 

Protein-s- { CO} -ch=ch 2 



it is found that such a protein or polypeptide, having an 
30 equivalent degree of substitution of vinyl groups as in the 
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seconds), resulting in the foraation of a coherent gel. 

The potential a B ino acids that are likely to be 
de„vat 12 ed by this chemistry are those containing pri„ary 
5 or secondary amines ,-„„, or respeativ JJ . * 

lysine, proline t™„ *' 

arcinin. h. ^ ryPt ° Phan ' as P«a,ine, glutamine, 

cr s. , 61 ' th ° Se amin ° acidS raining primary 

or secondary hydroxyls ,-OH; e.g., serine, threonine 
tyrosine), and thos^ weonine, 
in , n ° acids staining sulfhydrvls 

10 (-SH; cysteine). m each of fho a , suirnydryls 

reactivitv «^ L ° V6 C9Ses ' due to «>e 

reactivity of the reagents with nucleophiles in general a 
small fraction of the viny lic substitution occ J^no 
acid esidues containing ^^^^ n a 

groups. However rfno «-^uyuryi 
» ly? es .relative' r^J^~S In' 

~:;; e ;t oirat^rr substituti ° n - 

^cosylated proTeinV ^"T 1 
carbohydrate moieties will also b e „ . reSldUeS ° r 

20 reactivitv nf , • Privatized due to the 

general " Tne Til ^ nUC ^ hil - - 

!st^ ures r, rTprrr of vinyiic 

due to J 9rSat unex P ect ^ advantage 

suL •! . Crossl i"^ng capability of the 

- ~ — r,r: — — 

modified protein of structure 3 uh6n w 
appropriate photoinitiating conditions ^ * 

a matter of seconds to ! C ° ndltlons ' «n polymerize in 
seconds to a homogeneous crosslink protein 



3 0 

PolypeptideTlritrttresT a„d° f 2 T"" ^ '« 
conditions o f photoinitiation 1 . ZLZZJZZ?* 

3. — scch as acrylic ^J^^. ^ 
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such cases (i.e., 'for proteins i and 2) to cause such a 
solution to polymerize and form a gel. m such a case, the 
high reactivity and rapid polymerizing ability of these 
monomers overrides the lower reactivity of the unsaturated 
5 substituents on the proteins (in case of proteins 1 and 2) 
and xn a sense -kicK starts- the reaction to completion. 
These monomers, however, have to be present at relatively 
high concentrations for such a reaction to occur (typically 
greater than 10% by weight of solution). Moreover the 

oroT d tOXi f ty ° f thSSe m ° n0merS lar * e — 

produced under rapid photoinitiating conditions proves 

lethal m the presence of living cells and tissue. A good 

example is the polymerization of cyanoacrylates on tissue 

which is well known to cause tissue necrosis. 

Thus the present invention describes protein and 
polypeptide compositions (structures 3 a, b, c) containing 
unsaturated groups linked directly to amino acid residues 
xn the protein through a { co } group. These linkages can 
occur on any amino acid residues that possess primary or 
secondary amine (e.g., lysines,, primary or secondary 
hydroxyl (e.g., serines) or sulfhydryl (e.g., cysteines, 
groups These modified proteins in solution form have the 
capability to rapidly (within seconds) form a crosslinked 
protein gel under conditions of photoinitiated free radical 
generation with no toxicity to living cells or tissue and 
without the addition of substantial quantities of 
non-protein free radical polymerizable monomers. 

in accordance with one aspect of the present 
invention, a technique for modification of polypeptides in 
an aqueous environment that does not result in any adverse 
effects on polypeptide structure has been developed. Thus 
« accordance with the present invention, there is provided 
a method for preparing chemically modified polypeptides 
capable of undergoing free radical polymerization. The 
invention method comprises: 
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CO n, • • C ° ntaCting • P^yPeptide, P, with a reactant 
containing the group -C(o)-Y, 

under™" T^"" " " Unsaturated 9«n»p capable of 
undergoing free radical polymerization, and 

5 con^' WhSrein COntactin 5 is carried out under 

conditions suitable to link the moiety - C (0)-Y to P. 

The use of the reagent acrylic anhydride as th. 
func tionali2ing reactant resuits ^ subst y^de t he 

that can readily be polymerized under the appropriate free 
10 radical generating conditio ^ PP^opriate free 

bromj . , . 9 condlti °ns. Other agents such as allyl 

bromide or glycidyl acrylate that can also be utilized to 
functionalize proteins in *n utilized to 

result in „ . aqueous environment do not 

Pr ° tein that «» «Pi«y crosslink to form a 
gel. while not wishing to be bound by any theory Til 

™ 0 f rr tha : this most ---/-r/Lrt 

vinyl group , rTt iTTh *° «- 

Unkag/ between ^ ^ gro" TdThe " T 

on the amino acid that d J nucleophilic group 

>° vinyl group ^J^Z ^Tad^ " 
accordance with the present invention it hi 
been found that when this iJa V 

i.e., - { COJ-, the reactivity of u nsa t ur ated n ^ 

. unsaturated groups to frep 

reacts wlth typi I al „„I Ls in'the ^ 

an intervening group betue p en *zz£jr 9 r P ; irr 

amino acid that is a -/co>- Hnv, groups and the 

30 .i S0 provi a e «. a s ea in ;r r ' ° ther KMch 

— — ana the ZTZT ^ £T 

" annvariaes. ^^^^TT' alken ° iC 

daemon chi : rld ^, 1 ™*> c Morl ae. 

y acid ' methacrylic acid, 
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acrylic anhydride, methacrylic anhydride, N-methylol 
acrylamide, N-methylol methacrylamide, and the like. 

Any protein that possesses sufficient quantities 
of nucleophile-containing amino acids can be reacted with 
5 acrylic anhydride to produce a rapidly photocrosslinkable 
material. Most proteins have several lysine residues in 
the structures that are accessible to modification by this 
technique. For example, proteins such as albumin, 
collagen, gelatin, immunoglobulins, hemoglobin, 
10 transferrin, caesin, pepsin, trypsin, chymotrypsin, 
fibronectin, vitronectin, laminin, lipase, hemoglobin, 
lysozyme, fibrinogen, transferrin, inter leukin-l, 
inter leukin-2, tissue necrosis factor, colony-stimulating 
factor, epidermal growth factor, transforming growth 
factors, fibroblast growth factor, insulin-like growth 
factors, hirudin, tissue plasminogen activator, urokinase, 
streptokinase, erythropoietin, Factor VIII, Factor IX 
insulin, somatostatin, proinsulin, macrophage-inhibiting 
factor, macrophage-activating factor, muramyl dipeptide, 
20 interferons, glucocerebrosidase, calcitonin, oxytocin 
growth hormone, a-i antitrypsin, superoxide dismutase, «- 2 - 
macroglobulin, lactalbumin, ovalalbumin, amylase, and the 

-L 1 KG • 



15 



25 ««i .-/ n additi ° n t0 the above-described proteins, 
25 Polypeptides as short as a few residues (e.g., RGD, YIGSR, 

GVTr«v ' IKVAV ' RDGF ' GRGD ' RGDY ' GRGDY , GYIGSR, 

GYIGSRY, RGDS, GREDV, GREDVY , GRGDF , GPDSGR, GPDSGRY 
GIKVAV, IKVAVY, GIKVAVY , and the like) can also be treated 
in accordance with the present invention. such 
30 polypeptides can be chemically modified by the methods 

described herein, as well as entrapped within a crosslinked 

gel of a modified peptide. 

The degree of substitution on the protein or 
polypeptide treated as described herein can be varied quite 
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easily by uslng varying molar ratiM o£ aoryUo anhy(jride 
to the protein/polypeptide (or to the lysines in the 
protein/polypeptide, . Lower substitution results in softer 
gel formation following the crosslink, reaction compared 
to protein, with higher degrees of substitution. The 
former gels are more diffusible that the latter. Thus 
adjustment of the degree of substitution allows for the 
synthesis of a range of materials having from highly 
diffusible to poorly diffusible crosslink matrices. The 
variation of degree of substitution also dictates the rates 
of m vivo degradation of the crosslink gels. Thus the 
degradation rate of the material can be tailored to the 
reguirements of the contemplated applications, i.e., short 
or long oegradation times can readily be achieved. 
Furthermore, the diffusibility of the crosslink matrix 
may be tailored to applications such as drug delivery cell 
encapsulation, etc. eiivery, cell 

mod ifi „ Ph0t ° Cr0sslin ""9 or photopolymerization of 

20 mol, V S and/ ° r P01 *>*»"«~ obtained by the 

20 modifioation reaction described herein is performed in the 

ohoro ,ree radiCal lnitiati " 9 ^ (••«.. a 

Photosensitizing agent and optionally, a cocatalyst, . 

Typical free radical producing conditions include exposure 

of the materials to be crosslink to visible or 

» Ultra-violet light. Appropriate photoinitiators and light 

sources for use can be readily identified by those of sKU 

in the art. In the case of visible Ught, photoinitiators 

(also Jcnown as photosensitize! or dye, such as ethyl eosin 

eosin erythrosin, rose bengal, thionine, methylene M e,' 

*Zil, US6d - M ° St VlSibU " 9ht P h «°initiator 
!!!_!! . the T"™ ° f 8 catalyst (also known as 



30 



partner, to generate the free radicals necessary for 
polymerization of unsaturated substituents Examn, . 
35 such cocatalysts are triethanol amine, ^yTZZnll 
amine, triethylamine, argi„i„ e , and the ^ 
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the addition of a small quantity of a comonomer (e.g 
1-vinyl 2-pyrrolidinone, acrylamide, methacrylamide ' 
acrylio acid, methacrylic acid, sodium acrylate, sodium 
methacrylate, hydroxyethyl acrylate, hydroxyethyl 
5 methacrylate (HEMA) , ethylene glycol diacrylate, ethylene 
glycol dimethacrylate, pentaerythritol triacrylate 
pentaerythritol trimethacrylate, trimethylol propane 
triacrylate, trimethylol prop ane trimethacrylate, 
10 " riP " Pylene 9lyCo1 ^-crylate, tripropylene glycol 
10 dxmethacrylate, glyceryl acrylate, glyceryl methacrylate 
and the like) can aid in increasing the overall rate of the 
polymerization reaction. m the case of uv light 
Photoinitiators that absorb in the UV range such as 
2,2-dimethyl phenoxyacetophenone, other acetophenones, 
15 benzophenones and their ionic derivatives (for water 
solubility), benzils and ionic derivatives, thioxanthones 
and ionic derivatives, and the like, may be utilized. 

In accordance with a particular aspect of the 
20 present invention, there are provided articles comprising 
crosslinked, chemically modified polypeptides as described 
herein having biologically active material entrapped 
therem. a wide range of biologically active materials are 
contemplated for use herein, including peptides, proteins, 
enzymes, hormones, cytokines, nucleic acids, drugs, and the 
like. Not only can the chemically modified polypeptides 
described herein be employed to entrap biologically active 
material therein, in addition, the polypeptide employed for 
encapsulation can itself impart physiological activity to 
30 the resulting article. 

The application of such rapidly crosslinkable 
polymers is clearly multifold, ranging from the use in 
encapsulation of cells, microcarrier cultures, drug 
delxvery from a biodegradable scaffold, targeted delivery 
of drugs, genes, vaccines, and the like, the prevention of 
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post surgical adhesions, a scaffold for artificial skin, 
etc. some of these applications are outlined below. 

The rapidly crosslinkable nature of the modified 
protexns/polypeptides of the invention allow for the 
formation of crosslinked gels within seconds of exposure to 
approprxate photoinitiating conditions. The nontoxic 
nature of the crosslinking reaction allows for entrapment 
of Ixvxng cells in the crosslinked matrix. Such a 

10 a C 3° SSl ; nked matriX roay take —ral geometrical forms such 
10 as spheres, sheets, bloc ks, cylinders, disks, etc., 
dependxng on the end use contemplated. The viability of 
cells under such crosslinking conditions has clearly been 
demonstrated in the course of the present work. 

15 th. ^ Cr ° SSlinking of P" te ins (or polypeptides) in 

15 the presence of living cells, without toxicity thereto, has 
not been previously demonstrated in the art. Typical 
emulsification processes can be utilize . . 

wi+h vv, utuxzed xn conjunction 

with the ..education processes described herein to 

20 PhoT"! "' l0r0SPhereS in th * s ^»i-o„ size range. 

produces submxeron particles of crosslink proteins and/or 
polypeptxdes. Such microparticles have appiications in a 
«ae varxety or fields, e.g.. in drug delivery, gene 
therapy, diagnostic imaging, and the like. In a specific 
aspect Microspheres prepared under controlled low shear 
condrtxons can be utilized for cell encapsulation. Such 
«crospheres may be a few herons to several hundred 
morons, dependxng on the cell types encapsulated. 

iO nhn, eMmPle ' he P at ° c ^= encapsulated in 

>0 photocrosslxnked alburn microspheres can be used as a 
aetoxxfxeation system for patients in l iver faiw ^ 
Plasma from the patient is perfused over a bed of 
encapsulated hepatocytes in order to detoxify or metabolize 
the accumulated toxins in the patient's blcod l„ 
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30 



addition, in the case of liver failure, activated carbcn 
(or charcoal) , which is commonly used as an adsorbent for 
toxins, may also be entrapped in a matrix o, crosslink 
peptides, such as albumin, and used in a similar fashion. 

5 in addition to entrapment of living cells within 

a crosslrnxed protein (or polypeptide, matrix, microspheres 
Of crossnnxed protein (or polypeptide) may be utlilized as 
a substrate for cell growth. Thus the culture of living 
cells on mxcrocarriers comprising a crosslink protein (or 

0 Polypept.de, matrix is possible. For example, the use of 
Photocrosslinked gelatin beads in the size range of a few 
microns to several hundred microns may effectively be 
utilized as a support for living cells such as hepatocytes. 
Gelatin xs Known to support cell adhesion on the basis of 

> its affinity for fibronectin, a cell adhesion molecule. 

The use of crosslink albumin beads as cell 
growth subsrates also provides some interesting 
opportunities. In general ^ conslama 9 

relatively non-adhesive protein. In fact , several 
have demonstrated that coating of surfaces with albumin 
prevents cell adhesion. This effect could be utilized to 
advantage in the case where ligand specificity to cell 
adhesion is to be elucidated. i„ such a cas6i , ce 
non-adhesive substrate is required upon which can be 
introduced a Ugahd with specific interactions for the cell 
type. Thus in the case where the cell would normally not 

intrL 6 ! " albUmin EUbst " te ' specific ligand 

introduced promotes cell interaction with the modified 

ZlT' T"" 1 " " ,icroca P sules ~y »e easily modified with 
such Uganda to test specific cell-surface interactions. 

The immobilization or entrapment of drugs within 
matrices of crosslink proteins (or polypeptides, has 
several applications in the field of drug delivery In 
accordance with the present invention, the release profile 
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of drugs fro. a crosslinked protein (or polypeptide) matrix 
may be varied by adjusting a number of parameters. Such 
parameters include the degree of substitution of the 
protein with unsaturated groups, the concentration of the 
5 protein, the loading of the drug, and the like. In 
add-on, the rate of degradation of the protein matrix 
would also dictate the profile of the released drug. Thus 
a number of parameters may be manipulated to achieve a 
desired release profile of a drug. 



15 
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Microcapsules of crosslinked protein (or 
polypeptide) with diameters less than 5 microns are 
suitable for intravenous injection. such microcapsules 
containing an entrapped drug can be utilized for 
intravascular drug delivery, it is known that particulates 
injected into the blood stream in the micron and submicron 
size range are scavenged by the reticuloendothelial systen, 
(RES) of cells in the liver and spleen. Crosslinked 
protein (or polypeptide) microcapsules according to the 
present invention, containing entrapped drug, will be taken 
up m these organs and degraded, allowing release of the 
entrapped drug. Thus, the degradation of these capsules 
over time should result in a sustained release profile for 
the encapsulated drug. several drugs may be contemplated 

25 nrot , US6fUl deUVery ^ 9 MatriX ° f -osslinked 

protein (or polypeptide) . Examples of such drugs include 

analgesic agents (e.g., acetominophen, aspirin, ibuprofen, 

morphine and derivatives thereof, and the like) 

anti-asthmatic agents (e.g., azelastine, ketotifen,' 

30 streT X ' ^ like> ' antibioti - (e.g., neomycin, 

30 streptomycin, chloramphenicol, cephalosporin, ampicillin, 
penic.nin, tetracycline, and the like), ant i -depressant 

Z Til nef ° Pam ' ° Xypertine < i-Pramine, trazadone, 

and the like), anti-diabetic agents (e.g., biguanidines, 

35 anITT\ SUlf ° nylUrea Natives, and the like), 
35 anti-fungal agents (e.g., amphotericin B, nystatin 
candicidin, and the like), anti-hypertensive agents (e g 
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prqp.„olol, propafenone, oxyprenolol, nifedipine, 
reserpine, and the like), anti-inflammatory agents (e.g., 
steroidal (e.g., cortisone, hydrocortisone, dexamethasone, 
prednisolone, prednisone, fluazacort, and the like) and 
5 non-steroidal (e.g., indomethacin, ibuprofen, ramifenizone, 
Piroxicam, and the like) agents, antineoplastic agents 
(e.g., adriamycin, cyclophosphamide, actinomycin, 
bleomycin, duanorubicin, doxorubicin, epirubicin, 
mitomycin, methotrexate, f luorouracil, carboplatin, 
10 carmustine (BCNU) , cisplatin, etoposide, interferons, 
phenesterine, taxol (as used herein, the term -taxol- is 
intended to include taxol analogs and prodrugs, taxanes, 
and other taxol-like drugs, e.g., Taxotere, and the like), 
camptothecin and derivatives thereof (which compounds have 
15 great promise for the treatment of colon cancer), 
vinblastine, vincristine, tamoxifen, and the like 
anxiolytic agents (e.g., dantrolene, diazepam, and the 
like), immunosuppressive agents (e.g., cyclosporine (CsA) , 
azathioprine, mizorobine, FK506, prednisone, and the like) 
Physiologically active gases (e.g., air, oxygen, argon,' 
nitrogen, carbon monoxide, carbon dioxide, helium, xenon 
nitrous oxide, nitric oxide, nitrogen dioxide, and the 
like, as well as combinations of any two or more thereof) 
as well as other pharmacologically active agents, such as 
25 cimetidine, mitotane, visadine, halonitrosoureas, 
anthracyclines, ellipticine, benzocaine, barbiturates, and 
the like, in addition, drugs in encapsulated or liposomal 
form may also be entrapped in a matrix of crosslinked 
protein. 



20 



30 



35 



In addition to encapsulation of drugs, peptides 
hormones, proteins, nucleic acid constructs (e.g. IGF-1 
encoding sequence, Factor VIII encoding sequence, Factor IX 
encoding sequence, antisense nucleotide sequences, etc ) 
enzymatically active agents (e.g., DNAse, ribozymes, and 
the like), immunostimulating agents (i.e., vaccines, and 
the like) may be encapsulated or entrapped into the matrix 
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of a polymerized protein (or polypeptide) gel (such es en 
albumin gel) and injected intravenously (if the particle 
srze „ suitable) or administered by subcutaneous or 
intrathecal injection. The degradable gel is eventually 
5 absorbed while the entrapped hormone or peptide is released 
over time. This possibility has been demonstrated for 
insulin release over time (see Example l 5 ). clearly a 
Plethora of such active agents may be delivered by this 
technrgue. Any of the above-described compositions are 
10 useful for the treatment of disorders which r.l«. to 
hormone-deficient disease states. Examples of other 
deliverable agents include agents employed for the 
stlmuLT ° f ! arCin0 " a - dealing, erythropoiesis 

15 IT , , StlmUlatlOT of "brinolysis, treatment of 

oTZT: T OSS re9Ulati °"- --regulation, treatment 
of caucher-s dxsease, treatment of bone disease, induction 
Of labor, treatment of dwarfism, treatment of «T 
decency, treatment of respiretory disorders, and the 



protein Cr ° SSllnked * els ° f "egradable, non-imBunogenic 
proterns such as albumin, collagen etc. may be injected 
subcutaneous* for cosmetic applications. injections of 
collagen are guite commonplace in the field of cosmetic and 

is the rapxd absorption of the protein after injection. * 

Z T Unked ° f °° lla9en ° r alb ™« «* be 

injected, and would be expected to degrade over much !on,er 

Periods of time than do unmodified proteins. Such longer 

30 p::::d n :rer plants ' - y ^ — - — 



in addition to the non-specific uptake of 
cro SsUn)( ed protein microspheres by the RES following 
intravascular administration of these microspheres 
specific receptor-lige„ d interactions between ^ 
3= and/or other moieties on the surface of the microsphere 
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35 



and cellular receptors may be exploited for the purpose of 
targeted delivery of the protein microspheres. An example 
is the possibility of specific uptake of microspheres into 
hepatocytes. The presence of a receptor for polymerized 
5 human serum albumin (PHSA) on the surface of hepatocytes 
has been demonstrated by several research groups (Trevisan 
et al., 1982, Hepatology 2:832-835; Michalak and Bolger, 
1989, Gasteroenterology 96:153-66). it has also been 
established that such a receptor exists on the surface of 
10 the hepatitis B virus (HBV) associated with the HBV surface 
antigen (HBsAg) (Hansson and Purcell, 1979, infect 
Immunol. 26:125-130; Imai et al., Gasteroenterology 1979,' 
76:242-247). Imai proposed that PHSA may act as a bridge 
between the virus and the target liver cells thus 
15 explaining the restricted host and organ tropism of HBV 
infection. PHSA, a macromolecule of approximately 400,000 
daltons, as well as antibodies to PHSA have been detected 
in human plasma, particularly in patients with chronic 
liver diseases (Lee et al., 1987, Hepatology 7:906-912). 
20 in normal individuals, the presence of PHSA in the 
circulation maybe a result of the normal aging process of 
albumin in human serum, such as excessive oxidation and 
crosslinking via cysteine residues, and the PHSA receptor 
on hepatocytes may function as the clearance terminal for 
25 PHSA as part of the system for albumin homeostasis in vivo. 
It has been demonstrated that albumin polymerized with 
glutaraldehyde can bind to these receptors on the 
hepatocyte (Michalak and Bolger, 1989), supra . 

Without wishing to be bound by any theory, it is 
proposed, based on the evidence presented herein, that 
albumin, polymerized and/or crosslinked via unsaturated 
groups incorporated into the protein molecule, would bind 
to this receptor on the hepatocyte and serve as a targeting 
moiety for the delivery of pharmacologically active agents 
to the hepatocyte when the agents are carried along with 
the crosslinked albumin. Moreover, exploitation of the 
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binding of phsa " to HBsAg could be utilized to remove 
significant titers of circulating HBV from blood by contact 
with a bed of crossl inked albumin particles, m addition 
the delivery of genes to hepatocytes for the treatment of 
5 genetically deficient states such as hemophilia may be of 
great benefit. Encapsulation of the genes for Factor VIII 
production and subsequent delivery directly into the 
hepatocyte may result in the integration of this gene into 
the genome of the hepatocyte, resulting in the production 
10 of Factor VIII. Several genetically deficient disease 
states may avail of this methodology employing microcapsule 
formulations for the delivery of genes to specific sites. 

Another example is the delivery of drugs or 
genetic material to the lungs in an aerosolized 

15 formulation. Crosslink microspheres of proteins in the 
1-5 micron size range would be effective in delivery of 
entrapped or encapsulated pharmacological agents to the 
lungs. For example anti-inf lammatory agents such as 
ibuprofen or indomethacin may be inhaled directly into the 

20 lungs for the treatment of cystic fibrosis. These drugs 
have been shown to have significant alleviating effects 
from the disease (Konstan et- a i „ „ 

* tan et al -» m New England J. Med. 

1995, 848-854). ' 

Another application of rapidly photocrosslinkable 
25 proteins (or polypeptides) lies in the prevention of 
post-operative or post-surgical adhesions. Post-operative 
adhesions, or fii my connective or scar tissue bridges 
formed during the normal healing process following surgery 
often result in bowel obstructions and infertility arising 

uZrv °\ faUOPian tUbSS f0ll0Win ' 

surgery. The isolation of wounded tissue (as a result of 

surgery) by use of a physical barrier of biocompatible 

or!" T^: 1 bStWeen tlSSUe - d the -rounding 

organs has been shown to alleviate these problems, viscous 

5 solutions of hyaluronic acid (HA, a polysaccharide) have 
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been used previously for this purpose, albeit in a soluble 
form. As expected, even these fairly viscous solutions of 
HA are likely to dissolve away, resulting in the eventual 
formation of adhesions. The use of in situ 

5 photocrosslinkable solutions of a protein such as albumin 
resulting in the formation of a cohesive gel around the 
inured tissue, is i ikely to efficiently isolate the 
injured tissue from surrounding organs and thus prevent the 
formation of adhesions. The use of crosslinkable albumin 
a protein that does not elicit an adhesive response from 
cells and is degradable in vivo to harmless by-products, is 
advantageous over the use of synthetic materials in vivo. 
Mixtures of photocrosslinkable albumin with hyaluronic acid 
or a modified photocrosslinkable hyaluronic acid, when 
polymerized in situ, also serves as a degradable barrier to 
prevent the formation of adhesions. 



20 



The ability to polymerize proteins such as 
albumin, gelatin, collagen etc. into crosslinked hydrogels 
extends the possibility of use of these materials into the 
field of wound dressings and skin substitutes. Crosslinked 
sheets of these protein hydrogel materials may be used as 
a substrate for the growth of skin cells such as dermal 
fibroblasts, keratinocytes, and the like. m general, it 
is problematic to obtain adhesion of cells to a high water 
25 content hydrogel. However, the invention compositions 
allow for substantial amounts of collagen and/or gelatin to 
be polymerized and crosslinked directly into the matrix of 
the crosslinked hydrogel. In addition, unmodified collagen 
or gelatin may be added to the matrix of the above 
crosslinked hydrogel to enhance and support cell growth. 

Collagen is known to support cell 
adhesion/anchorage through integrin interactions with cells 
and gelatin most likely supports cell adhesion through its 
affinity for fibronectin, a cell adhesion molecule which 
35 also interacts with integrin. The required cell types can 
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thereby be cultured on a crosslinked hydrogel matrix sheet 
containing crosslinked aodified albumin, collagen, gelatin 
etc. ln any combination. This sheet of hydrogel and 
cultured cells may be placed (cell side down) onto wounds 
such as third degree burns to aid in regeneration of of 
lost skin. The cells may be taken from the patient for 
autologous tranplantaticn to avoid the problems of graft 
reaction. Allograft and xenograft cells may also be used 
for this purpose. i„ addition, the crosslinked hydrogel, 
being an absorptive matrix, can be loaded with media, 
nutrients and growth factors essential to the survival of 

the cultured cells and factors 

acx:ors that aid in the 
proliferation of the patient's skin calls. 

15 „„«.„ S " Ch 3 CrOSSlin,ted bytrogel matrix may also be 

fcerati " / 9r °» lh °* -tologous 

keratxnocytes for gene delivery to a topical site. 

Progenxtor or Mature basal xeratinocytes Bay be 

transfected wrth a gene cultured on the crosslink 

2 0 reluT . SUbSt " te ' the " °»*° the .Kin. This 

20 results xn grafted cells that produce a desired gene 
product in the host. If necessary, at a later time, the 
ceils can be removed by a simple dermal abrasion procedure. 

It has been demonstrated that a wound heals 

Z^J" the , PreSSnCe ° f ade9Uate -^enaticn than in 
cases where a lower concentration of oxygen is available to 

a luno r ra " n9 ° SllS ln "° Und bed - In Wd « *» 
a wound dressing from a crosslinks prctein as described 

~ \ hl ' h - ™. severe 

approaches may be satisfactory. For example, the addition 

IV " UOr ° Carb0 " e ™ lsi °" "to the protein solution 
followed by polymerisation into a hydrogel sheet would 
increase permeability to oxygen. microcapsules of 
hemoglobm that reversibly bind oxygen have been developed 
see PCT publication no. W0 94/18954) that couW ^ 
35 mcroporated into the dressing as a transporter of oxygen 
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to the wound bed. In addition, growth factors, growth 

stimulants, antibiotic drugs, and the like, can easily be 

incorporated into the wound dressing during the 
polymerization phase. 

5 The crosslinked degradable gels of the invention 

may be used as a scaffold for modelling of tissue growth in 
vitro or in vivo. For example, a degradable protein gel 
may be utilized as a scaffold for tissue growth and 
modelling, e.g., for the formation of leaflets of heart 

10 valves, m such case, a suitable cell type is grown on the 
scaffold to establish a three-dimensional tissue-like 
morphology while the scaffold degrades over a period of 
time to generate a tissue structure with the integrity of 
natural tissue. m addition, these scaffolds may entrap 

15 certain factors that promote the growth of particular cell 
types. 



25 



The modified proteins (and/or polypeptides) of 
the present invention are not limited to photocrossl inking 
in a solution containing only the modified protein (and/or 
20 polypeptide). In general, the modified protein (and/or 
polypeptide) may be crosslinked in the presence of other 
monomers, other crosslinkable proteins, other crosslinkable 
polypeptides, other unmodified proteins, other unmodified 
polypeptides, other unmodified polymers, and the like. In 
the case of crosslinking of modified protein (and/or 
polypeptides) in the presence of other unmodified polymers, 
entrapment of these polymers within the matrix of the 
crosslinked protein (and/or polypeptide) is typically 
achieved. Depending on the molecular weight of the polymer 
and the degree of substitution of the modified protein the 
polymer may be retained within the crosslinked protein 
matrix if it is large compared to the -pores' in the 
crosslinked protein (or polypeptide) matrix, or it may 
leave the matrix readily by diffusion if its molecular size 
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-t^."" than ihe a — • p °- « «- 

» Pol^r chains and " t/sulnV " e inte ™ i "' li "' of 
"ate is often known as an in* oompos^tion or physioal 

(»)• The nation of an IP 7o7:""7 P ° ly " ernetWOr,t 
t»e polysaccharide alginate has b Pr ° teln wlth 

of the work described nlrein Ai„ " lnVeS "^ ted « P-t 
» ^ the encapsulation of vin"^ xTJTt^ U " U " d 
their inherent ionioally croIsUnkaV *" *° 

provides for extremely Lid an, \ "^"^ ™ lS 

encapsulation that are partLlarlJ f """"^ f °r 
sterns. Alginate J "^ la * f svorahle for living 

» cations such as calciul are ^icuUrt 

allow diffusion of lara. PartlCUlarl l' P°«us and easily 

crosslink alginate natri, TT" 1 " th ™* «- 
oases to linlt this ^ " » in certain 

quantities of modified album" acco r ai r t"" . ^ 
« to a solution of alginate, followed tv! invention 
°f the alginate and coval.^ * 1C "osslinking 

-ee radical ^To^uT^T^ " ^ * 
erosslinked matrix that P ° SS1We '° obtain ' 

^ alginate ionically c'ssuZT its'elf Z'T^ ~ 
" covalently crossslinked to itself i * * lba " in 

components are now ;„,■ . 6 two Polymeric 

crosslink sts t . intertwined in the 

other. h ° Ut b " n9 chemically linked to each 

compositions (i. e ala , ' Y * P art ^ul ar range of 
effective for' .chi.^ ^ua ° ~ are 
crosslinking properties. This is h 3 °° VaUnt 

concentrations (relative to .igj^T* " X ° W Prota i„ 
»* Protein present to produce enouoh " " en0U *" 

enough crosslinks to stabilise 
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the gel, while at high protein concentrations (relative to 
alginate) , a steric hindrance develops that prevents the 
alginate from crosslinking (ionically) to itself. Thus an 
intermediate range or window of concentrations (or ratios) 
5 of the two species is required to be determined, for each 
protein, in order that the resulting mixture will have this 
dual crosslinking property. such ratios for alginate and 
modified albumin have been determined and the resulting 
solutions utilized for the encapsulation of cells (see 
10 Example 20) . Any modified protein may be utilized in this 
method along with any desired polymer, natural or 
synthetic. 

The modified proteins of the invention may also 
be crosslink in the presence of other monomers or 
15 macromonomers that can undergo free radical polymerization 
to form crosslinked polymeric materials. For example, 
modified gelatin may be copolymerized with monomers such as 
acrylic acid, acrylamide, methacrylamide, methacrylic acid 
sodium acrylate, sodium methacrylate, hydroxyethyi 
*0 acrylate, hydroxyethyl methacrylate, vinyl pyrrolidine, 
ethylene glycol diacrylate, ethylene glycol dimethacrylate, 
pentaerythritol triacrylate, pentaerythr i tol 
tnmethacrylate, tri.ethylol propane triacrylate, 
trimethylol propane trimethacrylate, tripropylene glycol 
5 dxacrylate, tnpropylene glycol dimethacrylate, glyceryl 
acrylate, glyceryl methacrylate, and the like, to form 
crosslinked materials. The modified proteins may also be 
copolymerized with macromonomers such as polyethylene 
glycol acrylates, polysaccharides substituted with free 
radlCal e ol ^izable groups to generate novel classes of 
polymeric materials. The advantages of such systems lie in 
the ability to combine into a single composition, the 
diverse, unique and advantageous properties of the 
component materials. An example is the use of alginates in 
• combination with the modified proteins as outlined above 
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Another example is the copolymerization of a 
protein such as modified albumin with polyethylene glycol 
acrylates to generate microcapsules that are extremely 

5 a b ^° e C ° mPatible < i ' e " ^ -sist cellular-cellular 
adhesion Polyethylene glycol is well Known for its 
ability to resist protein adsorption and cellular adhesion 
(Desai and Hubb.ll, 1992, Biomaterials 13 : 5 05,. Fo r 
example, PEG bound to bovine serum albumin has shown 

10 a raTbit^rH" 10 ^" inCr6aSed «~ * 

252 357^ ( r U h ChOWSkl 6t al " J. Biol. Chem. 

"2.3578,. such microcapsules would show long circulation 
times ln vivo when injected intravascularly and resist 
ZTul « RES ' APPUcations «* -ch systems would 

is a 1 ;; 1 ::: rz delivery ' di " — — 

in addition, surfaces of photocrossl inked protein 
or polypeptide) microspheres may be modified with suitable 
AH " antib ° dieS ' -^hydrate moieties, and the 

like, that would be recognizable through specific 
interaction at the receptor level Th< peCiriC 
. p or level. This would allow for 

targeting of these crossl inked microspheres. 

, k lnVenti ° n WU1 now b * described in greater 

detail by reference to the following non-limiting examples. 

Examp le i 
Synthesis of Ac-vH- j^V-llr 

Acrylic acid (0.2 B0l) was rea 

acetanhydride (0.1 «*, at a temperature of 60-70-c for 2 
hours. rineiy poKdered copper (01 ^ 

* ^.^ three Separate tactions coliecced. The 
first fraction gave predominant^ acetic acid, a reaction 
product, the second fraction g ave a mixture of acetic a^id 
and acryiic acid, and the iast fraction with a hoi 
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point of approximately 65-c at io mm Hg was predominantly 
acrylic anhydride. Purity of the fractions was determined 
by Fourier Transform Infrared Spectrometry. Yeild: 60%. 

Examp le -> 

5 Synthesis of n po,^,,,^ -. A1h „., n n ^ „^ t _ 

Human serum Albumin (5 g, Bas dissolved t „ 10 „ 
of water and cooled to «-c in an ioe bath. Acrvllc 

10 at " 0 L add t C Pr0tei " S ° 1Uti0n the P " 

at , 0 by addrtron of suitable quantity or 50% NaOH. The 

etrrrxng was continued for 2 < hours at a temperature of 
C. The reaction product was neutralized and dialyzed 
against deionized water through a dialysis membrane with a 
molecular wexght cutoff of l 2 ,„oo-l4.ooo for 2 4 hours. The 
dxalysed product was freeze dried to obtain the the pro Jin 
derrvatave. yeild: 3.5,. The substitution of vinyl c 
groups by this method was taroeted ,„ ™ - • lnyllc 
. targeted to predominantly the 

lysxne amines present in the protein molecule. 

General reaction scheme: 

Albumin-NH, — Acrvlir qnhvrii-irt a 

e Albumin-NH-C(0)-CH=CH 
Degrees of substitution may be varied ta n * 

, * e varied. Small amounts of 

S T ° CCUr ° n anin ° aoWs Possessing hydroxyl 

and sulfhydryl groups by the following reactions! 

Albumin-OH Acrylic anhydr.H*, 



15 



Albumin-SH AcrvHr- anhyrin'^ 



Albumin-O-C(O) -CH=CH 2 
Albumin-S-C(O) -CH=CH 2 
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Example i 

s ynthesis of , Fm y i a ert^t,!. ncl „ jri ^ ...^ | 

Bovine Gelatin (5 g) was dissolved in !00 ml of 

d w : : r w a tV°' c - Aoryuc anhydride « ~ *™p >Y 

PH marntarned at 9 .o by addition of suitable quantity of 
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50% NaOH. The stirring was continued for 2 4 hours at a 

tZZT*: 1 4 °° C - reaCti ° n « neutralised 

and dxalyzed against deionized water through a dialysis 
membrane with a moiecular weight cutoff of 

the Tt 8 '- T dUlySed Pr ° dUCt MS f " e " to obtain 

vinvl" deriV3tiVe - ••».. The substitution of 

the iysxne ammes present in the protein moieoule. 
General reaction scheme: 
10 Gelatin-NH2 Acrylic anhvrtrij. 

Gelatin-NH-C (O) -CH=CHj 

Degrees of substitution may be varied s».>, 
substitnti™ .n Small amounts of 

IT ° CCUr °" ratn ° aCids Possessing hydroxyl 

and sulfhydryl groups by the following reactions! 

15 Gelatin-OH — Acrvlin an hyrir<H n 

Gelatin-O-C(o) -CH=CH 2 

Gelatin-SH — Acrvlin anhyriT-i,^ 

Gelatin-S-C(O) -CH=CH 2 

Example a 

20 Usgr^vjsihle T iahfr Ph,^ .., , „ 

to Produce exaaalinka ^.i. c -,- 

outlined S " bStitUted Pr ° teinS P"P«^ by the techniques 
buffered ^ """^ ln a < Ue ° US Carbonate 

- - rt rr, v h 74 at a 

gating tern comprising 1 dyl'l . ^ 
used to lnltl ate polymerization. The dye ethv, 
(••« to a cocatalyst. triethanoUmin. To ImM to" 

.0 a to';;": r i0 " ally - a " aCCeU " t0r - i«Tth 
rate Of polymerisation,, vinyl pyrrolidinone (o.ooi to 

10.0%, were added to the solution which was protected from 

fT^ZZ Ph ° t0P01 — .aiternative 0 '! 

the mitaator, cocata!yst, and wavelength of laser 
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radxation are possible, . A small volume of solution was 
Placed in a petri dish and exposed to visible radiation 
from an argon ion laser at a wavelength of 514 nm at powers 
between lOmW to iw. An exposure time as low as 100 mseo 
was f d to be adeguate ^ polyinerizat . on< 

Photopolymerxzation was also performed with a mercury arc 
lamp having a fairly strong emission around 514 nm. 

Examplp s 

PV PhotopmyrcpH^on tn r educe Cr^lSn^ Protein ^ 

™ A different initiating system from the one in the 

example above was used to produce protein gels. a uv 

dLoiv'r 3 ' 0 ;-' 2 ' 2 - dimetho ^-Phenyl acetophenone 
dissolved xn dxmethyl sulfoxide, was added to a solution of 

15 : : Pr0t6in " 3qUeOUS bUff6r at 3 "tration of 

50 - 5000 ppm. This solution was exposed to long wave UV 

radiation from a 100 watt UV lamp. The time required for 

gellatxon was typically less than 30 seconds although this 

could vary between 1 and ioo seconds depending on the 

concentrations of initiator and addition of accelerators 

such as vinyl pyrrolidine (o.ooi to io.o%). A uv laser 

may also be used for the photopolymerization. 

Example e. 

Degree of Mortification bv „„ y 

The percentage of lysine amines modified by 

albMin (C ° Uld te Sny Pr0tein ' »"> Tlte 
anhydnde couid be measured by a simple spectropbotometric 

assay The free amines in the protein could be titrated 

agaanst 2.4,6-trinitroben.ene sulphonic acid (TNBS) which 

shows ,„ increase in absorption at «o „m upon reactioh 

«th a primary amihe. Unmodified albumin was utilized as 

the control and its absorption S fc OT v„ • 

auborp^on after reactxon with TNBS was 

Measured at 4 2 0 nm. The percent of amine groups on the 
protein substituted by reaction with varying amounts of 
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acrylic anhydride was determined by this assay 
Substitution from 0.1% to 99.9% of all amines in the 
protein was possible as measured by this assay. The table 
below shows the varying percentages of amine substitution 
for reactions of acrylic anhydride (AA) with albumin 
lysines for varying molar ratios of AA to lysines present 
on the protein: 



10 



AA/Lvsine molar ratio 


% Lysines Substitute 


0.00 


0.0 


0.43 


22.2 


_. 3.40 


66.1* 


8.50 


93.2 


12.80 


97.6 
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Example 7 

comparison of Po 1vm o r i 2a ^^ — «~ nt||l , 
Vinvlic Subsfc &iitgd x>™+~i r ~ 

Albumin was reacted with allyl bromide to obtain 
the structure (2a-c, , shown earlier. Albumin was also 
-acted with glycidyl acrylate to obtain the structure 
(la-c shown earlier. a solution of 15 % (w/v) of these 
^vatxves in Water were subject to the polymerization 
test described in Example 4 in rHv«^ „ 

. m * ie 4 ' ln direct comparison with the 

albumin derivative obtained by reaction with acrylic 
anhydride. The time required to fo™ a u acr y llc 
Ar% , quirea to forn > a coherent gel in 

each case was noted. Resu it s are tabulated below: 



Albumin Derivative 
with: 

Glycidyl Acrylat e 

Allyl Bromide 

Acrylic Anhydride 



Polymerization time 
to coherent cp l 

ooor gel > 8 min 

?oor gel > 8 mi r» 

10 sec 
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It can be noted upon review of the results tabulated above 
that a coherent gel was produced only from the protein that 
had been modified with acrylic anhydride. other 
modifications to the protein that result in the 
introduction of a vinylic group produced gels that were 
rnuch softer with very poor consistency and at much longer 
times. 
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Example fi 
Degradat ion in vU ,~ 



Crosslinked albumin gels (synthesized from 25% 
w/y modified albumin solution, were prepared in the form of 
cylinders of approximately 5 mm diameter. These were 
eguilibriated with Hanks balanced salt solution (HBSS) for 
two hours prior to implantation in the peritoneal cavity of 
15 mice The disks were surgically implantated into 

anesthetized mice by simple incision through the peritoneal 
wall. The disks were weighed prior to implantation. Mice 
were sacrificed at 1 week, 2 weeks, 4 weeks and 8 weeks, 
and the crosslinked protein disks were examined for weight 
loss due to degradation. 



25 



No substantial loss in weight was observed when 
disks were examined at 1 week and 2 weeks. it was 
estimated that a 10% and 20% loss in weight had occurred at 
4 and 8 weeks, respectively, indicating the degradable 
nature of the crosslinked gel. B y manipulating the 
concentration of the polypeptide employed for crosslinking 
and the degree of crosslinking of the gelled material, the 
rate of degradation of the crosslinked gel can be varied. 
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Examp lP q 

^ration of asuuam-utwtin uinxm^ 

by K»in« tfi < !m | rn 

Human serum albumin modified as above was 
■ ^solved in „ saUne at a concentration ' ~ 

To tne soiution were added the photoinitiators a d 
accelerators as indicated in the above examples. This 
so u tl on lM ) was added to soybean oil (10 » 1)ana ^ 

10 stL no""" 9 3 ma9 " etiC " ter 5 mlnUt « ° 

sss-tL jrt. r tion - 

exposed to a 100 watt hi* o ""^ S ~ lon — 

seconds to R * Pressure mercury lamp for 30 

seconds to 5 minutes. The protel „ solution 

discrete droplets in the oil phaS e was polymerized into 

lesTt Cr ° SSlinked ^ of dWer Co ly 

less than xoo microns. lt „ as possible to V Z thls 
diameter by controlling the shear during emulsificatL and 
controlling the emulsif ication time Ho™. , atl ° n ana 
was . Normal saline (5ml) 

was added to this emulsion and the t„h» ~ » • • 

ao mixture was centrifuged at 3 ooo -XT-S^TS 
the microspheres produced separated into t-h« 
The result, n„ ™* • ^"tea into the aqueous phase. 

The resulting protein microspheres were stored in salin. 
Alternate methods of microsnh^o saline. 
SDravin „ . . . microsphere generation such as 

2 5 geneLt at ° raiZatl ° n ' ~*«tio». electrostatic droplet 
generation, coextrusion with air or an oil, etc. followed 
by Photocross linking will result 4„ J n d 
protein spheres. " Stable c "^li nk ed 



Examp le in 

£lSEa£all2 ^^iini^^ 

by Emnlg-if ^ ntinn 

....... r"rr„rr -jr 

cors as indicated m the above 
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examples. This solution (iml) was added to soybean oil 
(lOtnl) and stirred rapidly using a magnetic stir bar 
After 5 minutes of stirring when the protein solution was 
completely emulsified into the oil, the two phase 
suspension was exposed to a 100 watt high pressure mercury 
lamp for 30 seconds to 5 minutes. The protein solution 
now as discrete droplets in the oil phase was polymerized 
into discrete crosslinked gelled spheres of diameter 
typically less than 50 microns. it was possible to vary 
10 thxs diameter by controlling the shear during 
emulsification and controlling the emulsif ication time 
Normal saline (5ml) was added to this emulsion and the tube 
containing this mixture was centrifuged at 3 000 xg for 5 
mnutes. Most of the microspheres produced separated into 
the aqueous phase. The resulting protein microspheres were 
stored in saline. Alternate methods of microsphere 
generate such as spraying, atomization, sonication, 
electrostatic droplet generation, coextrusion with air or 
an oil, etc. followed by photocrosslinking will result in 
stable crosslinked protein spheres. 

Example i i 
Encapsulation of Rat, h^^,,^ 
in crpssl inkPd Albumin M^v^ rn ^ rr - 

Hepatocytes were isolated from Sprague-Dawley 
rats by conventional methods of collagenase digestion. The 
cell pellet (0.2 ml) was resuspended in 1 ml of a solution 
of 10% modified human serum albumin at physiological p H and 
osmolanty containing the necessary photoinitiators. This 

30 be° or 10 " St6rile filt6red thr ° Ugh °- 2 Alters 

30 before use. The cell suspension was added to lo ml of 

sterilized soybean oil and gently stirred for 5 minutes 

before exposure to light as above. Saline was added to the 

suspension of polymerized albumin droplets containing 

entrapped hepatocytes and centrifugation at looog for 5 

35 minutes was performed. The encapsulated cells ' 
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were 
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collected from the aqueous phase and cultured. Viability 
staining with acridine orange-propidium iodide confirmed 
the viability of these cells at greater than 90%. 

Example io 

5 MicrocarriPr PnH-nro of Ra t, »» p ^ y ^ nn 

Crossl inked GelaHn M ^ rQSDh<BT . ag 

Crosslink gelatin microspheres of diameter 30 
- 100 microns were prepared as described above (see 
Examples 3-5). The spheres were sterilized by ethanol 
10 exchange prior to culture use. Hepatocytes were ^ isolated 
from Sprague-Dawley rats by conventional methods of 
collagenase digestion. The cell pellet (0.2 ml) was added 

of en'. " ° f gSlatin miCrOS P heres — the suspension 

of cells and microspheres cultured initially in static 

as conditions for 4 hours to allow cell attachment 

microspheres and subsequently in roller bottles. After 24 
hours the microspheres were observed under the microscope 
and subtantial adherence of hepatocytes to the gelatin 

20 so" n ° ted - ViabiUty ° f the C6llS Was ^-ter than 



ExamnlP n 

Pvrosity of n-n-H,,,^ r ,, lll!<n h , p , ffir| m 

FTTC-DeXtran (3 „c, /Bl) ms dissolved 4 

25 w lth added photocatalysts were taKen up into a 1 J 
syrxnge. The syringes were exposed to a high pressure Hg 

IZlllTZ "T P ° lymer1 ""- °< ^e modified alhunin 
resulting ln entrappnent of the dextrans within the 

10 atta hL t^lh C ° Uld ^ ShSa " d ' 

attached to the syringe and a known volume of gelled 

.".rial could be pushed out of the syringe, such a systea 

harT l injeCtl ° n " 3 961 — -trapped 

pharmacological agents to he leased upon injection 
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» • 

and ,„„„ T, m ° leCUlar Wei9hts ° f "extran (4400 daltons 
and 1,500 daltons, were chosen as the probes for porosity 
determination. Cylindrical gels ,0.! „l, „ e re placed in a 
tube and Hanks buffer (BBSS, was added to the gels The 
gels were incubated in BBSS and the supernantant examined 
periodically m a spectrophotometer for absorbance at 490 
«. Fro, standard curves of absorbance vs. concentration 
for the FIT C labelled dextran. the amount of dextran 
diffusing out of the microspheres was determined. By 

™::;it ot different <*.*J. 

17. SW) the relative porosity of the crosslink hydrogels 
was estimated. The results are tabulated below: 



Time, hours 


% Diffusion, 
4kd dextran 


% Diffusion, 
17.5kd dextran 

6.4 


0.016 


23.6 


0.25 


30.3 


11.6 


0.5 


37.0 


14.3 J 


1 1 


45.4 


21.2 J 


2 


48.7 




3 


50.4 


23.9 _J 
29.1 




55.4 


30.0 




68.8 


37.0 




83.9 


47.5 



It is seen, upon inspection of the dat in the Table that 
*5 dextran of molecular weight 4xd diffuses out of the 
crossl inlted gel (aster than Q( moiecuiar 

dextran " •»% of the 4xd 

1 near , h r ' * ^ ^ * relatively 

linear fashion, as compared to -50* release over the same 

time period for the iv.Bxd dextran. The 4xd dextran 

approximates the molecular size o, insulin, and such a 

release profile is desired for efficient in vivo insulin 

utilization. see Example 14 for actual experiments with 
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171"' J\ a - teAng ~ t «"°" of .oaifiea albuain 
in the starting solution, it is possible to alter the 

Example iii 
Cnsulin from crosslink,,,, *. bum j n .oic 

modi, • „ (HUmUlin) diss °lved in a solution of 

modified albumin (25% w/v) e n , Mf . 

«ai £ iea ei bUBi „ J re M p JZt 1 ™* 1 - 

i. xn r u„ /nl a„a 25 units ins:i in ;:i:r :tj; ic: 

solution. The solutions fo s albumin 
were taken , m . " 10nS ( °' 5 ml) Wlth a <*ded photocatalysts 

exposed to a H h 3 * " Syringe ' The — 
exposed to a high pressure Ha i aMn 

polymerization of the modified ,? ^ " Pld 

» entrapment of the ^U^^-^^ 

syringe and a known voW of gelled material could be 
pushed out of the syringe. The gels fo i 

into a t.,ho u ( } were injected 

into a tube through a 20G needle and Hanks buffer (HBSS ) 
20 was added to the aels Tho r (HBSS) 

the with**- WGre incubate * ^ HBSS and 

radiol medically and analyzed for insulin by 

radioimmunoassay. From standard curves Qf * 

vs. concentration of insulin i-h- _ «viry 

. insulin, the amount of insulin 

= of these 9 els the rel^r IST^t 
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Time (min) 


5 Units/ml Gel 
% Insulin Released 


25 Units/ml Gel 
% Insulin Released 


n 


0.0 


0.0 


1 

X 


5.8 


3.7 


5 


14 . 0 


37.4 


15 


23.2 


47.1 


30 


30.7 


50.4 | 


60 


31.8 


51.0 _J 


120 


37.5 


53.8 [ 


In Vivo Release nf T ns u]in fr.. ^ rn -. 


slinked Albumin r.oic 
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Exaaole „T 9 PrePared SS deSCribed ab °- (— 
Example i« , were injected into diabetic rats (nade 

diabetic vrth streptozotocin, and their blood glucose 

measured over ti„e and compared to glucose level! in a 

control diabetic rat recieivi„ 9 conventional soluble iom 

eL T (HU "" Ulin) " a "-"Parable dose. The 

control rat recieved 1. 5 Units of huBulin ^ 

20 do!! T, lnJSCted " lth 961 f °™ ° f insuli " «c«ved 

or Mood , " nltS "* Dn " S The results 

of blood glucose over ti„e are reported in the Table below. 



25 



30 



TIME, 
Hours 




Blood GIucosp 



1.5 Units 
Humulin 



mg/dl 



1.5 Units 
GEL 




7.5 Units 
GEL 
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RAT#1 


1 RAT#2 






Blood Glucose ma> 




TIME, 
Hours 


1.5 Units 
Humulin 


1.5 Units 
GEL 


/ • o units 
GEL 


4 


242 


74 


44 


5 


428 


237 


27 


6 


568 


185 


127 


7 


560 


219 


178 


24 


440 


461 


441 
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It can be seen from inspection of the results tabulated 

:;;; n b ^ the gei f °™ ° f ***** «. ^ *, ro ai„ta in 

lower blood sugar for a longer period in the diabetic rats 
than the control (commercial injectible insulin). This 
demonstrated clearly the slow release capability of these 
gels. in add-on, it is Known that injection of a high 
dose of insulln/ such as ? 5 Un . ts . nto a ^ ^ ^ 

to hypoglycemic toxicity. The high dose injected in this 
experiment maintained a low blood sugar without lethality 
agaxn demonstrating that higher doses may be injected in 
the gel form as a putative depot form of insulin without 
the risk of hypoglcemic complications. 
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ExamolP 16 

coating Pf on snrfaro-. „ ifh EtasaUa tej Erstsln s 

mod if - , ^ ^ " Plaiy crossllnl «»le nature of the 

tM coir T ° f lnVCTtl0n ' " 1S POSSl " e «• 
th.ncoat.ngs of crosslink proteins around the periphery 

Of Uv a „g cells, such coatings would he useful !„ M s kl „g 

Li„r antisens of the coated ° eu th - « 

i«une response lf transplanted in a .non-self host. The 
coat „ OQ be permeable to reiat . veiy simii 

I*'* " hUe eXCludi ^ molecules such as 

esponsT " OUSS that " Sdiate «» »— » 
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Hepatocytes were exposed to a solution of eosin 
in saline (0.0005% wt/vol) for five minutes. The cell 
suspension was centrifuged at 500 g for five minutes and 
the cell pellet washed twice with saline and centrifuged. 
5 The cell pellet was then resuspended in a physiological 
solution containing 15% (wt/vol) modified albumin and 
triethanol amine (0.5% v/v) . The suspension was exposed to 
visible light from a high pressure Hg lamp for 2 minutes. 
As the eosin diffused away from the cells, a thin coat of 
10 crosslinked albumin was formed in the region immediatedly 
surrounding the cell where all the essential components for 
the polymerization were present. Excess saline was then 
added to the suspension whereby the unreacted protein was 
dissolved and washed away. Following a wash with saline 
15 the cells were returned to culture. Coats of crosslinked 
protein of thickness from a few microns to tens of microns 
oould be obtained by this method. surface coatings of 
gelatin or collagen could be prepared by a similar method. 

Example 17 

20 Microcarrjer culture and coati™ n- o ^rotectionj 

cells cultured on microcarriers as described 
above in the case of hepatocytes may be further coated with 
a layer of crosslinked protein. The method of Example 16 
for cell coating can be utilized for coating of 
25 microsphere-attached cells. such a coating would be 
beneficial not only in protecting the coated cell from an 
immune response after transplantation but also in 
extracoporeal devices such as a liver assist device m 
such a device, blood form a patient in liver failure is 
30 passed through a device where the plasma is separated from 
the blood cells and passed through a bed of encapsulated or 
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coated hepatocytes that provide the function of 
deto X1 f 1C at 1 o„ that is compromised in the patient. The 

TZZl ln CSSe P " VentS eXP ° SUre ° f "-ulating 

antxood.es ln the patients plasna to the f0M J 

cell-surface antigens that may result i„ , 

activation and subseguent dJrimX' 

^ - »eta boll2 ation of circuiting 



Example ib 

10 ^iiffl gia, gelatin - , r1nn iM£Ia £tieng 

Most cell surfaces have a net negative charge due 

present 1 9lyC ° Syl "* d ~« *** typically are 

present on the exterior of the c^n »n^^ 

~k ^ 11 memb rane. a posit ivelv 

- su~ r y T therefore um readuy bina 

surface through ionic interactions with negatively charged 
groups. For example a protein such as gelatin type A Tr^t 

- ~~ o? n a-— : 

measurements, a modified gelatin (with su L tl tut 
PhotocrossUnkable groups, with net negative charge can he 

rin" SU " aCe thr ° U9h ^--actions 

The cells are then washed in saline , resuspended in a 

v LlTurr 1 " 9 r Ph ° t0ini ""- ana P e*posed\ 

30 crosslink coating \£J "TS-T *> • thin 

auing. Other modified crossl ink*m~ 

Proteins may he utiUzed for this method of coating 
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Example iq 

Eapidly PhotorrcslinVable ProtHni fo r th» 
of Post-Qperativp A dhesions /mno 

Postoperative adhesions, or filmy connective or 
5 scar tissue bridges formed during the normal healing 
process following surgery, often result in bowel 
obstructions and infertility arising from kinking of 
fallopian tubes following abdominal surgery. The isolation 
of wounded tissue (as a result of surgery) by use of a 
10 physical barrier between this tissue and the surrounding 
organs has been shown to alleviate these problems, viscous 
solutions of hyaluronic acid (HA, a polysaccharide) have 
been used previously for this purpose, albeit in a soluble 
form, as expected, even these fairly viscous solutions of 
15 HA are likely to dissolve away, resulting in the eventual 
formation of adhesions. The use of in situ 

Photocrosslinkable solutions of a protein such as albumin 
resulting, in the formation of a cohesive gel around the 
injured tissue, is likely to efficiently isolate the 
20 injured tissue from surrounding organs and thus prevent the 
formation of adhesions. The use of crosslinkable albumin 
a protein that does not elicit an adhesive response from 
cells and is degradable in vivo to harmless by-products, is 
advantageous over the use of synthetic materials in vivo. 
!S In addition, combinatins of this crosslinkable albumin with 
hyaluronic acid and/or crosslinkable hyaluronic acid are 
also likely to prevent the formation of adhesion. 
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Example ?n 

interpellating Pn lTO pr mM3£M - , f Modify Ubm in 

and Alginate 

Alginates have been utilized in the encapsulation 
5 of Ixvxng cells and tissue due to their inherent ionically 
crosslinkable nature. This provides extremely nild and 
gentle conditions for encapsulation. Such conditions are 
particularly favorable for living system. Alginate gels 
crosslxked with multivalent cations, such as calcium, are 
10 partxcularly porous and easily allow diffusion of large 
macromolecules through the crosslinked alginate matrix it 
is beneficial in certain cases to limit this porosity. By 
addition of suitable quantities of modified albumin (as 
described above) to a solution of alginate, followed by 

crosV : r ° SSllnking ° f the alginate and covalent 
crosslxnkxng of the albumin by free radical 
photoxnxtxatxon, it is possible to obtain a crosslinked 
"atrxx that comprises two components; the alginate 

ionically crosslinked to itself ann »*w • 

Xtse - Lr and the albumin covalentlv 
>0 crossslinked to itself. The tuo polymeric componen J 

however are intimately intertwined in the crosslinked state 
Without beino chemically linked to each other. Such a 
Physical state is called an Interpenetrating Polymer 
Network (1PN) . 1 



25 



30 



It must also be noted that for a particular 

protexn used in the mixture, only a particular narrow range 

of compositions (i.e., alginate to Protein ratios) are 

effectxve to achieve the desired dual ionic and covalent 

crosslxnking properties. This is because at low protein 
conce t rations (relat . ve fco aig . nate) ^ 

protexn present to produce enough crosslinks to stabilize 
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the gel, while at high protein concentrations (relative to 
alginate), a steric hindrance develops that prevents the 
alginate from (ionically) crosslinking to itself. Thus an 
intermediate range or window of concentrations (or ratios) 
of the two species should be determined, for each protein, 
so that the resulting mixture will have this dual 
crosslinking property. The following table shows this data 
for an alginate/albumin IPN: 



Alginate/Modif ied 
Albumin Ratio* 


Physical Property 
of mixture in 
0.4% CaCl 2 ** 


Physical Property 
of mixture upon 
exposure to light 
30 seconds*** 


1 : 1 


Coherent qel 


No pel 


1 : 2 


Coherent qel 


soft qel 


1 : 3 


Coherent pel 


coherent qel 


1 : 4 


Soft 9el 


coherent pel 


1 : 5 


No gel 


coherent gel 



10 



15 



20 



25 



30 



** 



*** 



The final concentration of alginate in the 

liSSTL < S K° 1Uti0n conta i"ing alginate and 
modified albumin (80% of lysines modified}) was 

The mixture was dropped into a bath of CaCl, 
through a syringe and observed for spontaneous 
formation of dicrete ionically c?osslinked 
droplets or gelled spheres. 

The appropriate photoinitiators were added to the 
mixture and it was exposed to a 100 watt Hg lamp. 

crL^fnH Wa f examined the formation of*, 
crosslinked gel mass. 



Thus, mixtures containing alginate and modified albumin 
that showed gelling under both conditions, i.e., exposure 
to calcium as well as exposure to light, were considered to 
be of utility for encapsulation of living material. Thus 
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ratios in the range of i: 2 to l: 4 were found to be useful 
for the modified albumin used in this assay. 

A mixture of alginate and modified albumin in the 
useful range, containing the appropriate photoinitxators, 
was then injected into a solution of calcium chloride 
(Caci 2 ), where discrete droplets (ionically crosslinked, 
were formed. This suspension of droplets was exposed to 
vxsxble ixght from a Hg lamp which caused the ionically 
crosslinked gel to further be stabilized by covalent 
crosslxnkxng of the albumin component. This was verified 
by exposing the dually crosslinked droplets to a solution 
of sodium citrate (l . o M, a calcium chelator) following 
xonxc and photocrossl inking. Dissolution or fragmentation 
of the dually crosslinked gels under these rigorous 
condxtxons was considered to reflect a failure of adequate 
Photochemical crosslinking, which would have tQ ^ 
sufficient to stabilize the gel in spite of degelling of 
algxnate caused by sodium citrate. m each case the 
droplets remained stable in citrate, indicating the 
presence of a crosslinked network other than that provided 
by xonxcally crosslinked alginate. Useful ratios of these 
mixtures clearly would vary and be dependent on the degree 
of modification of the albumin as well as the protein 
utxlxzed xn generating the IPNs. 

ExamplP p i 

Encapsulation of T ^lets_of _La nqerhanR in r PM cap sules 

Islets of langerhans isolated from dogs, rats 
Pigs, or humans were obtained by techniques described in 

30 21 T f n T taine * " CUltUre - ^ solution of alginate 
30 and modxfxed albumin containing the appropriate 
Photoxnxtxators was prepared with p« 7 . 4 and osmolarity 300 
mosm/kg. Prxor to encapsulation, the islets were washed in 
saline and precipitated as a pellet by centrif ugation 

Thxs pellet was resuspended in , ho , • «. 

ofenaea xn the algxnate-modif xed 
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albumin mixture at a concentration of approximately 5000 
islets/ml of solution. This suspension was pumped through 
a coaxial flow jethead with concentric air flow to produce 
droplets of a desired size. Droplets produced by this 
5 technique were typically 200-700 microns in diameter. The 
droplets were collected in a beaker containing calcium 
chloride solution where they instantly gelled by ionic 
crosslinking on contact with the solution. The transparent 
glass collection vessel was exposed to a light source (Hg 
10 lamp, 100 watt) . 

The ionically crosslinked capsules were 
simultaneously polymerized or photocross linked upon 
exposure to light. This resulted in dually crosslinked 
droplets or capsules containing islets. Exposure of these 
cells to light was limited to about five minutes, although 
no evidence of deterioration or damage to islet function 
was observed at longer times. The capsules were thoroughly 
rinsed in saline and culture media and then put into 
culture. 

Alternately large capsules (order of mm) could be 
prepared by injecting the solution through a syringe. 
Also, microcapsules prepared by conventional tecniques 
could be further encapsulated in a 'macrocapsule • by this 
technique. 

Example ?? 

Encapsulation of Hfnatocvi-^ in IPN rapcn1oc 

Hepatocytes were isolated from Sprague-Dawley 
rats by conventional methods of collagenase. a solution of 
alginate and modified albumin containing the appropriate 
30 photoinitiators was prepared with pH 7.4 and osmolarity 300 
mosm/kg. Prior to encapsulation, the hepatocytes were 
washed in saline and precipitated as a pellet by 
centrifugation. The cell pellet (0.2 ml) was resuspended 
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in 1 ml of the encapsulation solution. This suspension was 
pumped through a coaxial flow jethead with concentric air 
flow to produce droplets of a desired size. Droplets 
produced by this technique were typically 200-700 microns 
5 in diameter. The droplets were collected in a beaker 
containing calcium chloride solution where they instantly 
gelled by ionic crosslinking on contact with the solution 
The transparent glass collection vessel was exposed to a 
light source (Hg lamp, loo watt). 

10 The Really crosslinked capsules were 

simultaneously polymerized or photocrosslinked upon 
exposure to light. This resulted in dually crosslinked 
droplets or capsules containing islets. Exposure of these 
cells to light was limited to about five minutes, although 
no evidence of deterioration or damage to islet function 
was observed at longer times. The capsules were thoroughly 
rinsed in saline and culture media and then put into 
culture. 



15 



Alternately large capsules (order of mm) could be 
prepared by injecting the solution through a syringe 
Also, microcapsules prepared by conventional techniques 
could be further encapsulated in a -macrocapsule ■ by this 
technique. 



Whxle the invention has been described in detail 
with reference to certain preferred embodiments thereof it 
will be understood that modifications and variations 'are 
within the spirit and scope of that which is described and 
claimed. 
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That which is claimed is: 



10 



formula : 
wherein: 



1. A chemically modified polypeptide having the 

P-(A-C(0)-Y) n 
P is any polypeptide, 

A is a linking moiety which, in combination with 

a carbonyl moiety, links Y to P, 
Y is an unsaturated group capable of undergoing 

free radical polymerization, and 
n is at least 1. 

2. A polypeptide according to claim 1 wherein P 
is a naturally occurring or a synthetic polypeptide. 

3. A polypeptide according to claim l wherein P 
is selected from albumin, collagen, gelatin, casein, 
pepsin, trypsin, chymotrypsin, fibronectin, vitronectin, 
lammin, lipase, hemoglobin, lysozyme, immunoglobulins, 

5 fibrinogen, transferrin, interleukin-l , interleukin-2 
tissue necrosis factor, colony-stimulating factor,' 
epidermal growth factor, transforming growth factors 
fibroblast growth factor, insulin-like growth factors,' 
hirudin, tissue plasminogen activator, urokinase, 
10 streptokinase, erythropoietin, Factor VIII, Factor IX 
insulin, somatostatin, proinsulin, macrophage- inhibiting 
factor, macrophage-activating factor, muramyl dipeptide 
interferons , glucocerebrosidase , ca Icitonin , oxytocin ' 
growth hormone, a-1 antitrypsin, superoxide dismutase, a-2- 
macroglobulin, lactalbumin, ovalalbumin or amylase. 

4. A polypeptide according to claim 1 wherein P 
is selected from albumin, gelatin, collagen or casein. 



15 



5. A polypeptide according to claim 1 wherein P 
is biologically active. 
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6. 



A polypeptide according to claim 5 wherein 
said polypeptide is selected from agents employed for the 
treatment of carcinoma, wound healing, erythropoiesis 
stimulation, stimulation of fibrinolysis, treatment of 
hemophilia, glucose regulation, immunoregulation, treatment 
of Gaucher disease, treatment of bone disease, induction 
of labor, treatment of dwarfism, treatment of AAT 
deficiency, treatment of respiratory disorders or cosmetic 
applications. 

7. a polypeptide according to claim l wherein A 
xs selected from -0-, -S-, - N R- or alkylene, or an -0-, -s- 
or -NR-containing alkylene moiety, wherein R is selected 
from hydrogen or lower alkyl. 



8. 

is -NR-. 



A polypeptide according to claim 1 wherein A 

9. A polypeptide according to claim 8 wherein R 
is hydrogen. 

10. A polypeptide according to claim i wherein 
Y is selected from: 

-C(R)=CR' 2/ or 
-C=CR ' 

wherein: 

R is selected from hydrogen, lower alkyl or 

substituted lower alkyl, and 
R' is selected from hydrogen or lower alkyl. 

11. A polypeptide according to claim 10 wherein 
each R* is hydrogen. 



Y is -CH=CH 2 . 



12. A polypeptide according to claim 11 wherein 



WO 96/40829 



PCT/US96/07424 



53 

13. A polypeptide according to claim 11 wherein 
Y is -CsCH. 



14. A polypeptide according to claim 1 wherein 
n falls in the range of l up to about 500. 

15. An article comprising a crosslinked, 
chemically modified polypeptide according to claim 1 having 
biologically active material entrapped therein. 

16. An article according to claim 15 wherein 
saxd biologically active material is selected from 
peptides, proteins, enzymes, hormones, cytokines, nucleic 
acids or drugs. 

17. An article comprising a crosslinked, 
chemically modified polypeptide according to claim i 
wherein said polypeptide has physiological activity. 

18. An article comprising a crosslinked, 
chemically modified polypeptide according to claim 5 
optionally having biologically active material entrapped 
therein. 



19. A method for preparing chemically modified 
polypeptides capable of undergoing free radical 
polymerization, said method comprising 

contacting a polypeptide, P , with a re actant 
containing the group -c(0)-y, 

wherein Y is an unsaturated group capable of 
undergoing free radical polymerization, and 

wherein said contacting is carried out under 
conditions suitable to link the moiety -C(0)-Y to P. 

20. A method according to claim 19 wherein said 
reactant is selected from alkenoic acids or the 
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an<i J _ _ 1 n * ■* 

or 



corresponding acid halides or acid anhydrides thereof 
alkylol (meth)acrylamide derivatives. 

21. A method according to claim 20 wherein said 
reactant is an alkenoic acid anhydride. 

22. A method according to claim 20 wherein said 
reactant is selected from acryloyl chloride, methacryloyl 
chloride, acrylic acid, methacrylic acid, acrylic 
anhydr.de methacrylic anhydride, N-methylol acrylamide or 
N-methylol methacrylamide. 



23. A method for covalently crosslinking 
polypeptides, said method comprising: 

contacting a polypeptide, P , with a rea ctant 
containing the group - C (0)-y, wherein Y is an unsaturated 
group capable of undergoing free radical polymerization, 
and wherein said contacting is carried out under conditions 
suitable to link the moiety - C (0,-y to P, and thereafter 
with , C ° ntaCtin 9 the resulting modified polypeptide 

10 T« 3 " e " initiat -9 system under free radical 

10 producing conditions. 



24. A method according to claim 23 wherein said 
system 91 initi9tin9 SyStem C ° m ^ ises * Photoinitiating 

»h • • + .- 25 ' A aCCOrdin 9 ^ claim 24 wherein said 

photoinitiating system comprises a photosensitizing agent 
and optionally, a cocatalyst. 

•! 6 ' • A meth ° d aCC ° rdin 9 to 25 wherein said 

Photosensitizing agent is selected from ethyl eosin, eosin 

erythrosin, riboflavin, fluorescein Mw J , 
blnp • "orescem, rose bengal, methylene 

blue, thionme, 2,2-dimethyl phenoxyacetophenone, other 
acetophenones, benzophenones and their ionic derivatives" 



WO 96/40829 



PCT/US96/07424 



55 



benzils and ionic derivatives, or thioxanthones and ionic 
derivatives; and 

said cocatalyst is selected from triethanolamine, 
arginine, methyldiethanol amine, or triethylamine. 

27. A method according to claim 23 wherein said 
free radical initiating system further comprises a 
comonomer . 



28. A method for the delivery of a biologically 
active agent to a subject, said method comprising 
administering an article according to claim 15 to said 
subi ect . 



29. A method according to claim 28 wherein said 
biologically active agent is selected from peptides, 
proteins, enzymes, hormones, cytokines, nucleic acids or 
drugs . 

30. A method for the delivery of a biologically 
active agent to a subject, said method comprising 
administering an article according to claim 18 to said 
subject. 

31. A method according to claim 30 wherein said 
biologically active material is selected from peptides, 
proteins, enzymes, hormones, cytokines, drugs or nucleic 
acids. 
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